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Traction force microscopyMechanotransduction describes how a cell senses and interacts with its environment. The concept originated in
adhesion biology where adhesion receptors, integrins, facilitate force transmission between the extracellular
matrix and the intracellular actin cytoskeleton. Indeed, during any adhesive contacts, cells do exert mechanical
force. Hence, the probing of the local environment by cells results in mechanical cues that contribute to cellular
functions and cell fate decisions such as migration, proliferation, differentiation and apoptosis. On the molecular
level, mechanical forces can rearrange proteins laterally within themembrane, regulate their activity by inducing
conformational changes and probe the mechanical properties and bond strength of receptor–ligands. From this
point of view, it appears surprising thatmolecular forces havebeen largely overlooked inmembrane organisation
and ligand discrimination processes in lymphocytes. During T cell activation, the T cell receptor recognises and
distinguishes antigenic from benign endogenous peptides to initiate the reorganisation of membrane proteins
into signalling clusters within the immunological synapse. In this review, we askedwhether characteristics of ﬁ-
broblast force sensing could be applied to immune cell antigen recognition and signalling, and outline state-of-
the-art experimental strategies for studying forces in the context of membrane organisation. This article is part
of a Special Issue entitled: Nanoscale membrane orgainisation and signalling.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
T lymphocytes participate in an immune response when the T cell
receptor (TCR) recognises peptides bound to major histocompatibility
complexes (pMHC) on an antigen-presenting cell (APC) [1] (Fig. 1).
Signalling begins with the phosphorylation of TCR-associated CD3γε,
δε and ζζ dimers [1,2] by the Src kinase Lck at immunoreceptor
tyrosine-based activation motif (ITAM) consensus sites [3]. Multiple
phosphorylated ITAMs are required for the recruitment and activation
of ZAP-70, which in turn phosphorylates the adapter linker for activa-
tion of T cells (Lat). The resulting intracellular signals reﬂect both the
quality and quantity of pMHC and are responsible for appropriate cell
fate decisions on which vertebrate immunity is based, including T cell
development and activation, extent of clonal expansion, phenotype of
daughter cells and the execution of effector functions [3,4].
It is nowwidely acknowledged that the spatial organisation in T cell
signalling plays a critical role in the regulation of T cell activation [3,4,
6–9]. The spatial organisation ranges from large-scale patterns, termedle membrane organisation and
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), k.gaus@unsw.edu.ausupramolecular activation cluster (SMAC) formed post-activation
to signalling microclusters, and nanoclusters that exist prior to TCR
ligation and are below the resolution of conventional microscopy. APC
and laterallymobile lipid bilayers with agonist pMHC trigger the forma-
tion of an immunological synapse with a bull's-eye pattern in which a
central SMAC (cSMAC) containing TCR, LAT, Lck, ZAP70 and other
signalling proteins is surrounded by a ring-like peripheral SMAC
(pSMAC) enriched in F-actin and adhesion proteins [10]. It is currently
thought that TCR signalling in a mature synapse is sustained by the
continuous formation of TCR microclusters at the pSMAC and ﬂow to
the cSMAC where they are internalised [11–13]. TCR microclusters are
visible with total internal reﬂection ﬂuorescence (TIRF) microscopy.
More recently, the advent of super-resolution ﬂuorescence microscopy,
particularly single-molecule localisation microscopy (SMLM) such as
PALM [14] and (d)STORM[15], has revealed the non-random, nanoscale
distribution of membrane proteins in resting and activated T cells
[16–18]. The size of these protein clusters range from oligomeric TCR-
CD3 complexes to domains of 70–140 nm in diameter [18–20].
Clustered TCRs are preferably phosphorylated over monomeric TCRs
at low antigen doses [19]. TCR-pMHC complexes have very fast binding
kinetics [1,21], which enables a single pMHC to engage many TCRs if
they are positionally stable. TCR clusteringwould increase local receptor
densities and immobilise TCRs within the membrane [16]. Thus, the
combination of short pMHC binding half-lives with a TCR and TCR
nanoclusters may facilitate serial engagement and/or multiple rounds
Fig. 1.Molecular steps in TCR triggering. CD4+ and CD8+T cells recognise peptides onMHC class II (pMHC II) andMHC class I (pMHC I), respectively. Theαβ TCR (grey and pink) is non-
covalently associated to CD3γε, δε, and ζζ dimers (CD3γ orange, CD3δ light blue, CD3ε blue, CD3ζ red). Please note that only the co-receptor CD4 is shown and that different models of
subunit topography within the TCR-CD3 complex and TCR-CD3 dimers have been proposed [5]. To initiate signalling, the ITAMmotif on CD3ζ chains needs to be made accessible to the
kinase Lck. At least, one doubly phosphorylated ITAMmotif is required for the recruitment of ZAP-70 (dark purple) and Lat (light purple), which can reside in clusters at the cell surface or
sub-synaptic vesicles.
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two or more pMHCmolecules need to encounter TCR clusters for calci-
um mobilisation [23]. In addition, conﬁnement of TCRs in nanoclusters
may create a close contact zone between the T cell and APC surface
that leads to the exclusion of phosphatases with large ectodomains,
leading to prolonged TCR phosphorylation [24,25]. This concept is re-
ferred to as the kinetic separation model [26,27]. It has also been dem-
onstrated that pMHC engagement couples TCR to the actin
cytoskeleton, which mitigates TCR migration towards the cSMAC
whereas unbound TCR remain at the pSMAC [28]. Hence, it is possible
that there is a functional link between pMHC-induced TCR clustering
and SMAC patterning. However, there is not a unifying spatial arrange-
ment of the TCR-CD3 complex on the surface of different T cell subtypes.
For example, it has been reported that the TCR-CD3 complex is essen-
tially monomeric on non-activated T cells and that the plasma mem-
brane is not in contact with a glass surfaces [29]. However functional
TCR-CD3 dimers are required for pMHC binding and signalling [30,31].
Further, TCR signalling oligomers enhance the sensitivity in antigen-
experienced T cells [32] and speciﬁc T cell subsets [33]. It is likely that
the TCR complexes coexist in different oligomeric states on the same T
cells in order to cover a wide range of antigen doses [19]. Whether co-
receptors facilitate TCR-CD3 oligomerisation in CD8-positive T cells, as
suggested for CD4 [34], is also not fully understood. Association of sig-
nalling proteins with membrane domains [35–37] and protein net-
works [38] (or self-association [39]) has been discussed as underlying
mechanisms causing nano- tomicro-scale rearrangement of membrane
proteins at T cell activation sites and immunological synapses [8] (for a
schematic overview see Fig. 1).
1.1. What T cell synapses can learn from cellular adhesions
Membrane protrusions such as broad lamellipodia or spike-like
ﬁlopodia [8] are stabilised by adhesions that link the proteins of the
extracellular matrix (ECM) to the intracellular actin cytoskeleton [40]
(Fig. 2). Integrins are cell surface adhesion receptors that recognise
speciﬁc sequence motifs present in ﬁbronectin, collagen and otherECM proteins [41]. The binding of integrins to their extracellular ligands
induces a conformational change that unmasks their short cytoplasmic
tails, which promotes their linkage to the actin cytoskeleton through
multi-protein complexes [42,43]. A comprehensive proteomics analysis
of the adhesome identiﬁed ~156 components linked by ~690 interac-
tions [44]. In addition to recruiting proteins that directly bind to actin
such as talin [45] and vinculin [46], engaged integrins also indirectly
interact with scaffold and signalling proteins such as paxillin [47] and
focal adhesion kinase (FAK) [48], respectively. Signals from both
newly formed and more stable adhesions regulate Rho GTPase activa-
tion [49] that in turn dictates cytoskeletal and adhesion assembly and
organisation [40,50] and establishes a network that is rich in complexity
and connectivity. It is now recognised that adhesion formation,matura-
tion and disassembly is a continuous andwell-regulated process [40]. In
ﬁbroblasts, the process beginswith small, short-lived nascent adhesions
in the lamellipodium close to the leading edge that either turn over
rapidly (~60 seconds) or mature to larger, dot-like focal complexes at
the lamellipodium–lamellum interface that persist for several minutes
and can elongate into dash-like, 3–10 μm long focal adhesions that
reside at the ends of large actin bundles or stress ﬁbres (Fig. 2) [51].
Mechanical forces contribute to adhesions throughout their lifetime,
from the conformational change of integrins to the strengthening
of bonds between adhesion proteins and the maturation of adhesion
[52]. For example, mechanical forces exerted onto a single integrin
with a biomembrane force probe led to reversible switching between
the bent/low afﬁnity and the extended/high afﬁnity conformation of
the integrin αLβ2 [53]. Similarly, binding domains in the adhesion pro-
tein talin that facilitates linkage between integrin and F-actin are hidden
within the core of the protein. Tension causes the unfolding of talin do-
mains and exposes vinculin binding sites allowing the recruitment of
vinculin and the strengthening of the integrin-actin linkage [54].
Force-mediated exposure of cryptic binding sites and the reinforcement
of inter-molecular bonding is called catch-bond formation. In contrast,
in the absence of force-induced inter-molecular strengthening, the
molecular dissociation rates increases and this is termed slip-bond
behaviour [55].
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Fig. 2. Cellular adhesion. (A) Nascent adhesions initially form in the lamellipodium, inwhich the Arp2/3 complex creates a dendritic actin network. Nascent adhesions either disassemble
or elongate in the transition zone between the lamellipodium and lamellum. Adhesion maturation to focal complexes and focal adhesions is accompanied by the bundling of actin
ﬁlaments (e.g. by α-actinin) and actomyosion contractility (e.g. myosin II activity). (B) Models of adhesion nucleation (I), assembly (II), maturation (III) and signal regulation (IV).
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molecular arrangements and inter-molecular linkages, it is widely
acknowledged that actomyosin contractility contributes to adhesion
maturation. In ﬁbroblasts, the assembly of nascent adhesion is propor-
tional to the protrusions rate of the leading edge [56]. Actin in the
lamellipodium undergoes retrograde ﬂow [50] so that adhesions
that remain attached to the substratum resist the force arising from
the rearward ﬂow, resulting in increasing protrusions. However, resis-
tance to actin ﬂow seems to be variable since some adhesions move in
a retrograde direction [57]. This has been interpreted as ‘slippage’ in
the adhesion-actin linkage that is regulated by a clutch-like mechanism
[57].
The similarities between force-regulated adhesion in ﬁbroblasts and
themembrane organisation of the immunological synapse encompass a
similarmolecularmachinery, the requirement of conformational changes
in receptors and receptor complexes that do not contain enzymatic
activities, the need to cluster proteins to initiate signalling, and the
critical role of actin ﬂow. In fact, the force sensation of ﬁbroblasts and
the consequences on cell function [58] are rather similar to that of the
immunological synapse and decision-making processes during T cell
activation. For example, the immune synapse is an integrin-rich adhe-
sion structure analogous to the focal adhesion in ﬁbroblasts. Adhesion
proteins talin and vinculin are also expressed in T cells and are likely
to have the same force-mediated catch bond formation in T cells as
they do in ﬁbroblasts [59].
1.1.1. Catch bond formation between the TCR and pMHC
Recently, Liu et al. [60] demonstrated the existence of catch bonds
between the TCR and pMHC. Using biomembrane force probe, they
showed that force prolongs the lifetimes of single TCR-pMHC interac-
tions, indicating that catch bonds are formed for agonist pMHCs while
shorter lifetimes and hence slip bonds were observed for antagonist
pMHCs. Applying a force of 10 pN crossed this energy barrier from the
short to the long-lived state, resulting in the highest Ca2+ responses
and a 57-fold longer lifetime for agonist versus antagonist pMHCs.
Remarkably, the slip bonds with antagonist pMHCs had a maximum
lifetime at 0 pN. In summary, Liu et al. showed that induction of high
Ca2+ ﬂuxes requires early and fast accumulation of bond lifetimes,
whereas short-lived bonds with slow accumulation of lifetimes corre-
spond to low Ca2+ responses. Hence, T cell activation requires sufﬁcient
force duration and magnitude on the TCR.
1.1.2. Conformational changes in the TCR-CD3
The idea of catch bond formation may also be expanded to the TCR-
CD3 complex. In resting T cells, the cytoplasmic domains of CDε and CDζ
bind to anionic phospholipids so that their ITAM tyrosine residues are
buried in the hydrophobic core of the plasma membrane. Upon TCRengagement, the ITAM domains are released from the membrane but
by which mechanism—through changes in charge, by tyrosine phos-
phorylation, calcium ﬂuxes or CD8 binding [61–63]—is hotly debated.
It is possible that forces on the pMHC-TCR complex could potentiate
biochemically induced conformational changes within the TCR-CD3
complex [64]. Conformational changes in the α-chain of the TCR were
shown to translate extracellular TCR-pMHC binding events into phos-
phorylation of CD3-ITAMmotifs [65]. Gil et al. [66] had earlier identiﬁed
the intracellular adapter protein Nck to associate with a cryptic proline-
rich sequencewithin the cytoplasmic tail of CD3ε that becomes exposed
as the result of antibody-mediated TCR-CD3 engagement. In a more
recent study, Martinez-Martin et al. [65] introduced mutations in
CD3ε at a potential force-mediating site, which they identiﬁed by
steered molecular dynamics simulations. In this model, CD3 dimers in
the ‘inactive’ conformation have ‘loose’ cytoplasmic tails that stiffened
and locked into a ‘frozen’ conformation when ‘active’ during TCR trig-
gering. Themutations blocked conformational changes and T cell activa-
tion of primary mouse cells, even in the presence of wild-type CD3ε
chains [65]. The authors proposed a Monod–Wyman–Changeaux
(MWC) model of allostery where all TCRs within nanoclusters assume
the same conformational state for activation. Since even the presence
of a few copies ofmutant CD3ε inwild-type CD3ε clusters prevented ac-
tivation, it was concluded that the active, stiffened conformation of CD3
dimers exerts forces onto neighbouring TCRs, triggering conformational
changes in non-ligated receptor complexes. This can only occur within
closely packed TCR clusters and suggests that forceswithin nanoclusters
could induce ‘ﬂipping’ of bystander TCRs. Such a mechanism could
act both as a safety switch and enhance sensitivity since antigen recog-
nitionneeds to create sufﬁcient forces for all the intracellular tails of CD3
dimers to change conformation, which then augments the number of
available binding and phosphorylation sites.
1.1.3. Protein clustering
That externally applied forces could reorganisemoleculeswithin the
membrane is an intuitive model, but curiously, the relationship be-
tween forces applied parallel to the membrane and protein clustering
has not been studied. In ﬁbroblasts, there are currently two models for
integrin clustering. In the ﬁrst model, nucleation of adhesion is initiated
when ligand-bound integrin cluster together resulting in the close
proximity of their cytoplasmic domains or a ‘multivalent’ scaffold. This
model is supported by the observation that integrin ligands or anti-
integrin antibodies coupled to beads induce clustering of adhesion
components around the bead [67]. In the second model, the assembly
is initiated by actin polymerisation and uses dendritic actin as the tem-
plate for the nucleation of adhesion complexes. Evidence for this model
comes from reports showing that before adhesion formation, vinculin
and FAK bind directly to ARP2/3 complexes that are responsible for
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ble that pre-formed adhesion complexes exist but these models are not
mutually exclusive.
1.1.4. Actin ﬂow
In focal adhesions, a fundamental force-sensing module is the poly-
merisation of actin in the lamellipodium during the protrusive phase
and myosin II-dependent contraction at the cell perimeter. This results
in actin ﬁbers being pulled backwards and this so called retrograde
actin ﬂow exists in mouse embryonic ﬁbroblasts and insect epithelial
cells [69]. Retrograde centripetal actin ﬂow also takes place at the
immunological synapse in T cells [70,71]. It has become clear that cells
exert mechanical forces in cycles and do not push or pull on their sub-
strate continuously. These ﬁndings initiated a new way of thinking for
the immune synapse based on similarities to cell spreading andmotility
[72]. Wherever is motion, there is an underlying force in cells that
integrates force-sensitive molecules with actin ﬂow in coordinated cy-
cles of pushing and pulling.
2. Do T cells experience and require forces for activation?
In most experimental setups, TCR-pMHC interactions as the initial
trigger of the immune response are measured under force-free condi-
tions. The methods available are surface plasmon resonance (SPR)
where the fraction of pMHCs bound to the surface-immobilised TCR
can be recorded over time in an ensemble measurement. Alternatively,
the micropipette adhesion assay uses a human red blood cell (RBC) as
adhesion sensor and presents one copy of the ligand. The RBC is brought
into contact with the cell that expresses the receptor. The adhesion is
detected as an elongation of the RBC when the two cells are pulled
apart [73]. By looking at the thermal ﬂuctuations between the RBC
and the cell expressing the receptor, general interaction parameters
such as on- and off-rates of the ligand-receptor i.e. pMHC-TCR interac-
tions can be obtained [74].
There are several observations that directly or indirectly suggest that
mechanical forces are involved in discriminating endogenous from
foreign pMHC (Fig. 3). First, soluble monomeric pMHC fails to activate
T cells and does not induce conformational change in CD3 dimers [75],
but soluble dimeric or oligomeric agonistic pMHC activates T cells very
efﬁciently [76]. Further, stimulation of T cells with soluble anti-TCR or
anti-CD3 antibodies or soluble pMHC tetramers results in activation
responses, while not even photo-crosslinking of monomeric pMHCs
on the T cell membrane leads to T cell activation [28]. Anchoringmono-
meric pMHCs to a bead or a lipid bilayer potentiates T cell activation,
suggesting that pMHC-TCR interactions with a local area of resistance
for force generation enhance activation. Second, when mechanical
forces are applied to ligand-decorated beads stronger calcium signallingAPC
FORCE Application
T cell
Fig. 3. Force application during antigen selection. The scheme shows the immune synapse
and the potential TCR-pMHC bond to be mechanical tested by the T cell for different
peptide sequences. For the antagonistic peptide, the TCR-pMHC bond is not strong enough
to trigger further downstream signalling events. In contrast, forcesmay strengthen andpro-
long TCR interaction with agonist pMHC leading to sustain signalling and T cell activation.was observed in T cells compared to the same beads without the appli-
cation of forces [77,78]. Here, T cells can locally push and pull to probe
their microenvironment [79], analogous to the protrusive and retractile
forces with which ﬁbroblasts probe their environment for local stiffness
and geometry [58,80]. Third, just as mesenchymal stem cells show al-
tered differentiation fates when exposed to matrix of differing rigidity
[81], T cell activation is also regulated by the elastic properties of the
substrate. When T cells were seeded onto anti-CD3- and anti-CD28
antibody-coated hydrogels of varying stiffness, T-cell activation
visualised by interleukin-2 (IL-2) ascended with substrate stiffness
[82]. Forth, activation with ﬂexible micropillar conﬁrmed that forces
are mediated via immobilised anti-CD3 antibodies while CD28 co-
stimulation on micropillar increased traction forces associated with
TCR triggering through the PI3K signalling pathway but is not an inde-
pendent force module. Furthermore, murine T cells expressing the
5C.C7 TCR applied the samemagnitude of forces to immobilised agonis-
tic pMHCs than anti-CD3 antibodies [83]. Fifth, the correlation between
the stimulatory potency and TCR-pMHC off-rate improves under
load. The production rate of the T cell activation marker interferon-γ
(IFN-γ) correlated perfectly with TCR-pMHC off-rates recorded under
constant force, but not at zero force [84]. Similar results were obtained
with the constant pulling speed of the T-cell [85]. Sixth, lateral move-
ments of surface proteins within the crowded T-cell-APC synapse pro-
duce vertical forces. Waves of the inter-membrane separation caused
by large surface molecules was shown to put pMHC-TCR complexes
under tension, which alone is sufﬁcient for bond rupture [86]. In this
context, it is important to distinguish between different force directions.
Kim et al. [77] suggested that vertical forces are the result of pMHC liga-
tion of the TCR heterodimer that subsequently produce vertical forces
through the CD3 components. And last but not least, ﬂuctuations of
the membrane by cell mobility act on the TCR-pMHC complex as
shown with single-molecule FRET measurement of the binding and
unbinding of the TCR and pMHC [1,87]. Here the kinetic off-rate in the
immunological synapse was substantially faster than for TCR-pMHC
binding obtained in solution, most likely as a result of forces induced
by cell movement. A study using a micropipette to directly apply me-
chanical forces to the TCR-pMHC bond also revealed an enhanced
TCR-pMHC unbinding when the TCR was bound to a stiff surface [21].
It should be noted that not only did the lifetime of TCR-pMHC interac-
tion play a role for efﬁcient T cell activation [1,21] but also the frequency
and magnitude of the applied force [60].
3. How T cells can use mechanical forces
For the adaptive immune system, the enormous variety of antigenic li-
gands imposes a fundamental challenge to the discriminative power. The
mechanism for discriminating between activating and non-activating
ligands has remained enigmatic [85,88] since TCR-pMHC interactions
are usually weak when measured in solution. Nevertheless, T cells
respond highly speciﬁcally to antigens over self-antigens. Even more
astonishingly, T cells can detect a single antigenic pMHC molecules in a
‘haystack’ of structurally similar non-antigenic self pMHCs [23,88]. The
off-rate of the TCR-pMHC interaction was found to be a key parameter
for T cell activation, as there is a strong correlation between interaction
time and activation potency [89,90]. Based on these ﬁndings, it was
further suggested that TCR activation is a series of complex reactions ulti-
mately leading to this exquisite accuracy in ligand discrimination [91,92].
However, there are some discrepancies with the so-called kinetic proof-
reading model. It has been demonstrated that the potency of activation
correlated with the bond lifetime but negatively correlated with bond
strength [84,93], suggesting that other parameters than pMHC afﬁnity
are involved. The correlation could however be explainedwith the forma-
tion of catch bonds known to stabilise integrin–ECM interaction upon
force application [94,95] and more recently shown to exist in for TCR-
pMHC interaction [60]. We have recently published theoretical work
outlining how forces can aid ligand discrimination in T cells [85]. We
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applied pulling rate. Importantly, the parameters in our model are in
good agreement with IFN-γ production [84] and global pulling rates of
T cells [79]. We believe that the combination of mathematical modelling
and experimental forcemeasurementswill provide an avenue to robustly
test and extendmodels for T cell activation such as the kinetic proofread-
ing model and kinetic segregation model.
4. Toolbox for measuring mechanical forces
In this section, we summarise the experimental approaches com-
monly used to measure forces in cells and how they have been applied
to T cell biology.
4.1. Traction force microscopy (TFM)—hydrogels versus micropillar arrays
The integration of ﬂuorescent beads into deformable hydrogels al-
lows the quantiﬁcation of the bead displacement during focal adhesion
formation and cell spreading [96,97]. The strain can then be calculated
and interpolated for every position on the substrate and further trans-
lated into local stress by reversing the calculation of the stress–strain
formulation, assuming an ideal and homogeneous hydrogel [98]. The
bead displacements are mechanically coupled through the hydrogel
network so that at any position the stress vector can be calculated.
The principle can also be expanded to three dimensions, enabling to
measure cellular forces normal to the substrate [99,100].
As an alternative to the hydrogels, an array of horizontally evenly
spaced pillars, called micropillar arrays, usually cast in PDMS or similar
elastic polymers, can be used to quantify cellular forces. The stiffness,
hence, force range, can be modiﬁed by tuning the geometrical proper-
ties of the pillars or by varying the degree of cross-linkage in the
polymer [101]. Importantly, for the correct estimation of the applied
forces, not only the pillar bending itself but also the deformation of
the underlying substrate upon force application has to be taken into
account [102]. Here the estimation of forces in normal direction is difﬁ-
cult to measure as the resistance is usually orders of magnitude higher
in normal than in lateral direction (for a review, see [103]).
Using anti-CD3 antibodies and agonistic pMHCs in conjunction with
primary human cells andmouse cells, lateral forces have been observed
to peak at 100 pN [83] during early T cell activation. These forces are
comparable to forces during focal adhesion formation [97,104]. Further,
local force sensation triggered different cell fates with this approach
[58]. Similarly, increased T cell activation was observed for hydrogel
substrates with higher rigidity; however, forces were not quantiﬁed in
this study [82]. It should be noted that in addition to substrate stiffness,
ligand spacing [105], for example, through the spacing of micropillar
arrays, has been shown to affect the structure of focal adhesions [58,
106,107] and may also regulate T cell signalling and synapse formation
[108].
4.2. Molecular force probes
To measure conformational changes of single-molecules exposed to
force, optical-based single ﬂuorescence resonance energy transfer
(FRET) sensors have been used [109] where the donor and acceptorTable 1
Methods to evaluate forces in T cell biology.
Method Typical force regime [pN] Dynamical range Directiona
Micropillars 1–1000 Sub-ms Transvers
Hydrogels 100–104 ≥10 ms Transvers
FRET 1–10 ≥1 ms n.a.
AFM 5–104 ≥10 μs Normal
BFP 0.5–1000 ≥1 ms Transvers
Micropipette 10–104 ≥100 ms Transvers
Optical Tweezers 0.1–150 ≥10 ms Transversﬂuorophores are separated by an entropic spring, rendering the optical
readout of energy transfer into a strain, when calibrated (for a review,
see [103,110]). The ﬁrst FRET-based strain sensor was used to probe
the strains within the ECM protein ﬁbronectin ﬁbres. Using various do-
nors and acceptors, the sensor conformationwas correlated to the strain
that was externally applied to single ﬁbronectin ﬁbers and cell-made ﬁ-
bronectin matrix [111,112]. Next, FRET strain sensors were genetically
encoded into focal adhesion molecules containing a polypeptide elastic
linker between theﬂuorophores. These sensorswere used todirectly re-
cord the force transmitted through the individual molecule [109,113,
114]. In addition, these sensors were used to quantify stress in actin
cytoskeleton transmitted by a single α-actinin molecule [115], the
adhesion molecule vinculin [113] and E-cadherin in cell-cell contacts
[114]. Another example is FRET strain sensor measurements of the in-
teraction kinetics between surface-bound ligands and transmembrane
endothelial growth factor proteins on breast cancer cells [116]. Under
mechanical forces, the beta barrel of GFP-like ﬂuorescent proteins be-
comes destabilised, which decreases the ﬂuorescence intensity [117].
This could be a simpler alternative to measure force, as FRET strain sen-
sors can be difﬁcult to adapt for some applications.
4.3. Atomic force microscopy (AFM), biomembrane force probe (BFP),
micropipette and optical tweezers (OT)
While the previous two paragraphs covered passiveways to observe
forces on a molecular to cellular level, we here describe techniques to
actively probe the kinetics and strength of singlemolecular interactions
under an externally applied force.
The analysis of ligand–receptor interactions is often made with
atomic force microscopy (AFM). Force-versus-distance cycles are run
to measure rupture forces at a constant loading rate or the applied
force is kept constant to evaluate bond lifetimes. For both scenarios,
one molecule is attached to the AFM tip while the binding partner is
immobilised on the surface or presented directly on the cells surface.
Processes that can be investigated by AFM include protein folding/
unfolding [118], speciﬁc binding of ligand-receptor [119,120] and anti-
gen–antibody complexes [121]. With regard to T cells, the role of TCR
and CD8 as a co-receptor for pMHC binding has been investigated
[122]. It was found that in the absence of CD8, the adhesion frequency
of TCR-pMHC was strongly inﬂuenced by the nature of the pMHC,
while in the presence of CD8, a similar binding frequency was observed
for most pMHC suggesting that co-receptor engagement guides the
TCR-pMHC bond to a close spatiotemporal ﬁt [122]. However, it can
be difﬁcult to apply low level of forces with AFM.
Some of the most prominent studies on T cell mechanosensing have
been achieved by applying mechanical forces with optical traps or bio-
membrane force probe (BFP). Indeed, the existence of catch bonds in
TCR-pMHC interactions, ﬁrst predicted by Reinherz and colleagues
[123], was experimentally shown by the Zhu group in BFP experiments
[60]. Usually, the micropipette serves to clamp and position a cell with
respect to its opposing surface. In that respect, a micropipette can be
used (1) to apply normal forces onto the CD3-TCR interaction by
clamping the T cell and pulling it away from an anti-CD3 antibody-
coated model APC and (2) to apply shear forces by ﬂushing buffer on
the side of the T cell. By concomitantly analysing intracellular Ca2+lity Single molecule Force application Application to T cells
al No Passive [83]
al/normal No Passive [67]
Yes Passive [1,72]
Yes Active and passive [122,126]
al/normal No Active and passive [60,79]
al/normal No Active and passive [78]
al/normal Yes Active and passive [77,125]
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tal evidence was obtained that the TCR acts as a mechanosensor [78].
Furthermore, two micropipettes can be used to bring a T cell in contact
to an (model) APC and actively apply forces onto the T cell. In this setup,
the T cell is hold into place with a micropipette and the probe bead,
representing the APC, mounted via a red blood cell (RBC) to a second
micropipette. The RBC spring constant is tuned by applying suction
through the micropipette. By tracking the position of the T cell and
probe bead, the forces of receptor–ligand pairs can be measured. This
technique was used to quantify the force generation sequence upon
local bi-dimensional (tangential and normal) engagement of TCR-CD3.
T cells were shown to develop a timed sequence of pushing and pulling
forces against model APCs coated with anti-CD3 antibodies [79].
Finally, optical traps or optical tweezers (OT) offer an elegant way to
directly apply ormeasure forces on the pN-scale and tomeasureminute
displacements in the nm range. In optical tweezers, light is used to
manipulate dielectric, microscopic objects, such as small polystyrene
beads. Using the objective of a conventional microscope, the trapping
laser beam is focused to a spot in the specimen plane. At the narrowest
point of the beam a strong electromagnetic ﬁeld gradient is generated. If
a dielectric object is brought into the beam path, it will be attracted
along thatﬁeld gradient towards the centre of the beam,where the elec-
tricﬁeld is the strongest. Optical tweezers have been appliedwidely and
for a long time to study speciﬁc mechanobiological relevant problems
(for a review, see [124]). Optical tweezers were also used to show
that the TCR is an anisotropic mechanosensor, hence not only the
magnitude, timing and frequency of the applied force but also the
force direction could play a role during the T cells immune surveillance
[77] and inﬂuence the bond strength during force induced activation
[125]. For further comparison of the techniques see Table 1.
5. Conclusion
Evidence has emerged that TCR signalling and T cell activation is not
solely dependent on the chemical nature of the pMHC but also on the
mechanical forces. Adhesion biology has taught us that mechanical
forces can alter the conformational state of individual proteins,
strengthen the linkage between proteins and enhance the lifetime of
the receptor–ligand bond. Furthermore, there are similarities between
cell types in how forces are generated. Cell movement and actin retro-
grade ﬂow are likely to result in cycles of pushing and pulling when T
cells probe the surface of APCs. The globally generated forces could aid
the discrimination of agonist and non-agonist pMHC, aswehave recent-
ly shown in simulations. Excitingly, the experimental approaches to
measure and apply forces can now be applied to T cells. In conjunction
with single-molecule imaging and super-resolution microscopy, it will
now be possible to investigate how force-enhanced TCR-pMHC interac-
tion leads to the reorganisation of signalling proteins to arrive at a more
comprehensive understanding of T cell activation.
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